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Abstract 
A frequent question with regards to product variety in terms of mass customization concerns searching for the optimum level of 
variety. One way to do so is through quantification of product variety. This paper proposes another approach to measure so called 
variety induced complexity. This measure is based on Axiomatic design theory and is derived from degree of disorder. The most 
important finding of this study is that the proposed Axiomatic design-based indicator brings more realistic values than absolute 
number of available product configurations.  
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1. Introduction 
Recent growing trend and pressure on mass customized 
products and services makes companies to expand their 
products to better address preference of consumers [1]. At the 
same time, consumers are demanding that their orders are to 
be fulfilled ever more quickly [2-3]. Most companies find it 
difficult to fulfil specific needs of each customer in an 
acceptable delivery period due to very wide product variety 
offered to customers. In this context, huge product variety or 
related indicator “variety induced complexity” might be 
reduced into acceptable level accordingly. For that reason a 
variety-induced complexity metrics became an important step 
that helps to understand the link between product variety and 
unadvisable complexity. Then, the following question arises: 
Is it possible to determine optimum level of product variety? 
If yes, then producers will be able to deal with variants during 
the development stages of the product. For this purpose our 
intention in this paper is to develop internal decision-making 
models to cope with such “suitable” variety and complexity of 
processes along the product development phase. There are 
several approaches to measure variety induced complexity [4-
6]. This paper aims to compare two of them with a 
proposed complexity measure that is based on Axiomatic 
Design's (AD) theoretical background. As results will show, 
there are significant differences in their usability among the 
indicators.       
2. Related work 
Mass customization (MC) aims to deliver tailor-made 
product to customer at price and lead time that are slightly 
higher than standard product execution [7]. From the systems 
perspective, the impact of so called variety-induced 
complexity can be divided into benefits and efforts and need 
to be weighed against each other as diverse product offer or 
product variety do not always return success in the form of 
e.g. more efficient sales. Quite the contrary, it reflects higher 
operational complexity and decrease in efficiency of design, 
production and sales [8]. There are several approaches to 
explore and evaluate the impact of product variety on 
manufacturing complexity, see for example [9-13]. One of the 
important complexity sources lies also in the product 
architecture. As the notion of Axiomatic design (AD) theory 
evokes, complexity of the future product design should be 
kept at minimum [14]. For this reason, especially architecture-
based approaches have been developed recently to cope with 
the issue of product structure variety. In the context of AD, 
various authors, e.g. [15-17], introduced probability of 
satisfying FRs as every MC product has a minimum set of 
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technically independent requirements and related design 
parameters to be satisfied. Development of such architectures 
is complex already in the early stages of a product design. 
Every such customizable product raises additional difficulties 
to organizations, since the right product composition and 
component compatibility needs to be ensured [18]. 
Applications of AD in various fields of manufacturing 
appeared in literature. Component-oriented approach based on 
the AD has been proposed and V-Model was extended to 
address component-level issues [19]. Finally, Lindkvist and 
Soderberk [20] applied AD and robust design to compare 
different assembly concept alternatives. Providers of 
customized products are then able to handle this extent of 
variety only by the use of product configuration systems or 
configurators as the development of product configurators has 
been quoted as the most important enablers of mass-
customization strategy [21]. Different from past research that 
focuses on enumeration of all possible product alternatives 
[22-23], this approach considers exactly four types of 
assembly components and then enumerates so called variety 
induced complexity (VIC) through own developed 
combinatorial metrics. We propose a formal approach to 
determine and assess variability of mass-customized product 
architecture as a precondition for decision-making tool 
applicable in situations when finding optimum customization 
rate.  
3. Modelling framework for product variety  
The purpose of determining product configurations during 
development phase is to assess relative degree of 
customization, since this measure expresses external 
perception of variety induced complexity. As it was already 
proved by [6], value of variety induced complexity might be 
reduced to a level that is acceptable for customer. In order to 
proceed in accordance with this statement, this paper aims to 
propose a Framework for determination of all possible 
product configurations.  
For this purpose, graphical representation of product 
component structure in Fig. 1 can be used. Products are 
considered as main artefacts to capture multiple system 
configurations in for a single product type. Features address a 
set ܨ ൌ ሼ ଵ݂ ǥ ௠݂ሽ  of functionalities fi, where i=(1,…m) or 
product characteristics from user or customer views which 
consist of cohesive set of individual customer requirements 
represented by attributes. Attributes Aij, where j=(1,…n) 
represent characteristics of a feature and present increment of 
functionality. 
To apply combinatorial approach to determine all possible 
product configurations, firstly it is useful to establish 
necessary categories or typology of product components Cij, 
as they can be of different nature.  
We distinguish between four types of components 
following the product architecture semantics: Stable 
components CSij , Voluntary optional components CVij, 
Delimited optional components CDij, Compulsory optional 
components CCij. Our method considers complex component 
permutations (non-repeated combinations) representing a set 
of feature functionalities: ௜݂ א ܨ . At the same time, even 
functionalities fi and attributes Aij can be voluntary or 
compulsory optional sub-features of a feature set F. This 
computationally feasible approach allows managers to 
enumerate all possible product design configurations. Given a 
combination of components belonging to different feature sets 
or different attributes, combinations of the component types 
are used to group at least two or more adjacent product 
elements together.  
Thus a set of product configurations Cq consists of all 
possible combinations of components ሺܥ௜௝ ՜ ܣ௜௝ ՜ ௜݂ሻ א ܨ 
through a hierarchical product architecture, as in Fig. 1. 
Applying this algorithm, one may identify possible 
combinations of system components and enumerate a finite 
number of element combinations of any customized system, 
which is characteristic with high number of such 
configurations. 
Compulsory optional components CCij form a special group 
of components due to different selection tasks allowed to 
consumers of service activities or products, respectively: a) 
Individual selectivity rule; in notation, e.g.: ൫௝ଵ൯; while 1≤l<j; 
b) Maximum selectivity rule; in notation, e.g.: ݉ܽݔ൫௝ଶ൯; while 
1≤l<j; c) Minimum selectivity rule; in notation, e.g.: ݉݅݊൫௝ଶ൯; 
while 1≤l<j. 
The three selection rules may be applied also for the 
delimited optional components CDij except for the lower 
bound requirement on the selection of l components (0≤l), as 
this component type, in addition, considers also selection of 
zero product components as possible option. The three 
component types CVij, CCij and CDij can inter-operate in order 
to provide variations of the product provided in line with the 
MC strategy principles.  
3.1. Combinatorial models for individual assembly nodes 
Variant definition process captures the requirements of 
both, customer and producers of the future product. For such 
purpose and to satisfy the MC principles, this paper proposes 
to adopt so called Scenarios combining the three component 
types. 
Scenario#1 is the one in which only stable and voluntary 
component permutations play a role for consumers. Within 
this scenario, only combinations of available stable and 
voluntary belonging to feature fi  are counted among possible Fig. 1. Product structure architecture – proposed model 
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product configuration. In Scenario#2, additional component 
type may appear in the definition of product composition, 
namely compulsory optional component CCij. This component 
type provides higher flexibility in specifying the future 
product. Scenario#3 additionally adopts delimited optional 
component type ܥ௜௝஽ . Summary Scenario#3, merging four 
component types together offers high flexibility of product in 
line with MC strategy.  
The three individual Scenarios#1-3 present a unique 
methodology to combine the four mostly used component 
types that the system engineers have to be aware of when 
designing new product design architecture. Appearance of the 
three scenarios is very frequent in the product architectural 
engineering. In our previous works, e.g. [10], a calculation 
method to obtain number of product configurations (NPC) 
within the Scenarios#1-3 has been provided as follows: 
 
ܰܲܥ ൌ ς ൫σ ܥ௤௥௤ୀଵ ൯௜ೕ
௠௡
௜ୀଵ
௝ୀଵ
.                                  (1) 
 
    Another static complexity measure by [6] is derived from 
the very first notion of complexity - Information entropy by 
Shannon [24]. The measure is called a Design space and 
represents all nDstate discrete combinations of components in 
bits, as follows: 
 
ܫ௫ ൌ ݈݋݃ଶ݊஽௦௧௔௧௘.             (2) 
 
The advantage is that it is highly proportional to the 
number of product design elements and to the resulting 
number of product configurations, but on the other hand, it 
does not consider different component types and selection 
rules, which are very common in MC. 
4. Definitions of Axiomatic design-based complexity 
measure  
According to Axiomatic design definition [14], design 
process is present in four main domains: customer, physical, 
process and functional. Within a design hierarchy, the 
dependencies between the FRs and DP can be represented by 
the following equation: 
ܨܴ ൌ ሾܣሿܦܲ,                      (3) 
where each element of the matrix [A] can be expressed as 
Aop=FRo/DPp, while o=1,…q and p=1,…r. Equation (1) can 
be understood as choosing the right set of DPs to satisfy given 
FRs. Therefore each Aop element of the matrix indicates 
dependency of FRo on DPp.  
Product variety models in our approach will be represented 
by directed bipartite graphs. Initial nodes in such graphs are 
represented by product components presented in Section 3 
and end-nodes are represented by the number of all possible 
product configurations (see Fig. 1). Our approach transforms 
these individual bipartite graphs into design matrices. For 
each assembly case, appropriate design matrix can be 
composed. DPs are represented by number of input assembly 
components (columns), while all stable components are 
represented by only one DP. FRs are represented by the 
resulting number of product configurations obtained through 
Scenarios#1-3. Example of such MC-based assembly graph 
with selection from two stable CSij, single voluntary 
components CVij, two delimited optional CDij and two 
compulsory optional CCij components being transformed into 
a matrix can be seen in Fig. 2. 
Then, the newly applied complexity measure by Guenov 
[25] is based on AD principles and is originally derived from 
the number of molecules per unit of μ-volume and from 
Boltzmann's consideration on the state of gas body g at 
a given time t where the volume is equal to unity. It is 
calculated in unit nats and is expressed as follows:  
 
ܵܦܥ ൌ σ ௣ܰ  ௣ܰ,              (4) 
 
where Np is the sum of interactions (dependencies) of FRo and 
DPp per single column of the design matrix. 
On the basis of the presented AD approach, design 
matrices for all the possible combinations of input assembly 
components have been composed and recalculated based on 
the values of all available node product configurations. 
Summary fragment table with values of NPC and related 
values of SDC complexities can be seen in Table 1.  
4.1. Comparison of AD-based and combinatorial product 
complexities 
Different views on product variety induced complexity 
allowed us to perform an analysis of possible mutual relations 
between NPC and the selected indicator SDC. For this 
purpose, Compulsory optional components CCij or also 
Delimited optional components CDij components might be 
considered as essential due to the fact, that different selection 
rules, described in Section 3 bring various numbers of 
available product configurations (NPC) from customer 
perspective and product variety induced complexity values 
from producers' perspective.   
For that reason, nine testing problems have been identified, 
namely: one voluntary CVij component and CCij ={4,5,6} 
components in Fig. 3(a), two voluntary CVij components and 
CCij ={4,5,6} in Fig. 3(b), and three voluntary CVij and CCij 
={4,5,6} product components in Fig. 3(c). 
Fig. 2. Transformation of assembly node with pre-defined customer 
selections into a coupled design matrix 
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As can be seen from the three graphs/testing problems, 
values of NPC indicator for individual selections from 4 to 6 
compulsory optional components CCij are in line with existing 
combinatorial phenomenon on the distribution of possible 
combinations within a triangle -  Pascal`s triangle. But the 
values of SDC in all three figures (Fig. 3(a)-(c)) do not follow 
the symmetrical combinatorial distributions of variety induced 
complexity NPC. Moreover, it is possible to identify at least 
one important difference between these two measures. We 
see, e.g. from Fig. 3(a), that NPC values of the selection ൫ସଵ൯ 
equals to selection൫ସଷ൯ ൌ ͺ product configurations, while SDC 
value of the same selections ൫ସଵ൯=27,7 nats and SDC of the 
selections ൫ସଷ൯ = 65,2 nats. This important difference can be 
found for arbitrary number of voluntary and 
compulsory/delimited optional initial components, as seen in 
Table 1, and therefore, in our opinion, the newly proposed 
measure SDC reflects so called variety induced complexity 
more realistically. Simple product design selection can be 
used to explain the reason for higher suitability of the SDC. 
As seen in Fig. 4, case product design selection results with 
the same values of ܰܲܥ൫రభ൯ ൌ ܰܲܥ൫రయ൯ ൌ ͳ͸   product 
configurations. The difference is only in the selectivity rule 
related to compulsory optional components. Subsequently, it 
was possible to enumerate related SDC values for concurrent 
product designs. It is obvious that the logical difference in the 
SDC levels are a result of higher number of bipartite 
interactions (σ ௣ܰ൫రభ൯ ൌ Ͷͺ  vs. σ ௣ܰ൫రయ൯ ൌ ͺͲ ). Even though 
the NPC values are equal, product design with the selectin of 
three out of four components is more complex according the 
SDC methodology (ܵܦܥ൫రభ൯ ൏ ܵܦܥ൫రయ൯).  
5. Proof of practical importance 
Let us have a product made by make-to-order principle in 
terms of MC in the form of two individual/concurrent product 
design architectures (see Fig. 5). Once feature diagrams are 
transformed into feature flow diagrams (see Fig. 6), we may 
provide a relevant proof of the complexity measurement 
importance through a benchmarking of the two concurrent 
product architectures. Parameters of the product – bicycle are 
features: f1 for frame design and colour, f2 for gearing, f3 for 
compulsory equipment and f4 for service pack. These can be 
optionally combined without any restriction as this product 
architecture represents single bicycle model. Each of the 
features offers a variety, e. g.  Model 1 in Fig. 5(a) offers 
frame feature f1 with a compulsory selection of exactly ൫ହଵ൯, 
providing five possible frame configurations and three 
possible frame colour configurations (resulting in 
NPCf1=5x3=15 configurations). Other features of the same 
model, e.g. f2 for gearing configurations, f3 for compulsory 
equipment and f4 product configurations also provide 
Fig. 3. Testing problems: (a) one voluntary CVij and CCij ={4,5,6}; (b) two 
voluntary CVij and CCij ={4,5,6}; (c) three voluntary CVij and CCij ={4,5,6} Fig. 4. Case product design selection, where  ܰܲܥ൫రభ൯ ൌ ܰܲܥ൫రయ൯ ൌ ͳ͸ 
Tab. 1. Fragment of complexity indicators NPC and SDC   
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configurations which in summary express the extent of Model 
1 variety. The second bicycle Model 2 in Fig. 5(b) has been 
redesigned under the precondition that the sum of product 
configurations (NPC) is equal for both, Models 1 and 2.  
According to [26], complexity of individual assembly 
stations is obtained as a weighed sum of complexities 
associated with every upstream assembly activity. The 
complexity propagation principle is further applied on the 
calculation of the total model complexity of SDC measure. 
NPC and Ix complexities adopt a multiplication principle of 
upstream and downstream stations till the lowest layer of 
model flow (Stations#4) in Fig. 6. 
Taking the principles feed-transfer complexity aggregation 
and applying the Formula (1) for the calculation of 
combinatorial-based measure NPC as a multiplication of 
product configurations, we obtain the NPCM1 value for Model 
1 and NPCM2 value for Model 2 (as in Fig. 6) based on the 
number of all available product component alternatives: 
 
ܰܲܥெଵ ൌ ͷݔ͵ݔͶݔͳݔͳݔͳݔʹݔͶݔͶ ൌ ͻ͸Ͳ,           (5) 
 
ܰܲܥெଶ ൌ ʹݔͷݔͶݔͳݔͳݔͳݔʹݔͶݔ͵ ൌ ͻ͸Ͳ.           (6) 
 
Subsequently, design space complexity Ix using Equation 
(2) provides the following product design complexity in bits: 
 
ܫ௫ଵ ൌ ܫ௫ଶ ൌ ݈݋݃ଶͻ͸Ͳ ൌ ͻǤͻͲ͹              (7) 
 
Let us now provide a benchmarking of the two bicycle 
variety Models 1 and 2 under the assumption that the newly 
Fig. 5. Case model of bicycle feature diagrams: (a) Model 1; (b) Model 2 
Fig. 6. Assembly component flow diagrams for: (a) Model 1; (b) Model 2 
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proposed AD-based complexity measure SDC will bring more 
relevant and different values of VIC. This is to decide about 
the more complex product architecture still respecting the 
principle of MC. Applying the Equation (4) and aggregation 
principle, we obtain SDCM1 and SDCM2 complexity as the sum 
of feed SDC complexities for Models 1 and 2: 
 
ܵܦܥெଵ ൌ ܵܦܥ௙ଵ ൅ ܵܦܥ௙ଶ ൅ ܵܦܥ௙ଷ ൅ ܵܦܥ௙ସ ൌ ͶͲǤ͸ʹ ൅
ʹǤ͹͹ ൅ Ͳ ൅ ͵͵Ǥʹ͹ ൌ ͹͸Ǥ͸͸                         (8) 
 
ܵܦܥெଶ ൌ ʹ͵ǤͲ͵ ൅ ʹǤ͹͹ ൅ ͶǤͳ͸ ൅ ʹͲǤͻͺ ൌ ͷͲǤͻͶ          (9) 
 
Subsequently, it is obvious that the AD-based complexity 
measure SDC proposed to accept Model 2 as model with more 
suitable product design architecture providing the same rate of 
customization, while ܰܲܥெଵ ൌ ܰܲܥெଶ ൌ ͻ͸Ͳ. 
6. Results and discussion 
In our approach, we wanted to underline and show a wider 
potential of AD than the primary purpose of the theory, which 
is decoupling of product designs. Versatility and utility of the 
AD has been demonstrated by the fact, that it is applicable 
even in the area of topological complexity, for which various 
methods and measures have been proposed so far. Their 
comparison with the topological complexity on the basis of 
AD theory showed that they do not have comparable 
sensitivity as in the case of Systems Design Complexity 
(SDC) indicator based on AD theory. 
Based on the case application, we recommend distributing 
components for customer selections within product design 
architecture more effectively, e.g. designing product features 
with as equally distributed choices per feature-module as 
possible. Such product design architecture is first of all less 
complex and secondly more customer friendly, as customer 
may easily become overwhelmed by too much of the 
“customization”.      
Finally, it is possible to state that the newly developed 
metric can assist product managers to independently assess 
competitive product architectures against each other and to 
evaluate their customization characteristics. Moreover, 
proposed measure may become a valid basis for the 
measurement of cost based complexity as low product design 
complexity does not automatically mean low production cost.  
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